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1. Introduction  

Despite the rapid development of medicine the survival rate of cancer has not improved for 

the past 30 years [1]. Hence, a development of an advanced method of cancer treatment, 

especially non-invasive, which minimizes the disturbance of already weakened organs and 

systems, is a crucial task. Nowadays, the combination of nanotechnology and biomedicine is 

leading to faster diagnostics and provides new approaches to non-invasive treatment. For 

example, laser-induced fluorescence diagnostics is suitable for medical use as an imaging 

technique. There are several prospective candidates for bio-imaging agents; including rare-

earth (RE) doped nanoparticles (NP), quantum dots, organic dyes etc. [2] Among them rare-

earth doped nanoparticles with fluorescence emission in near infrared (NIR) region are 

especially promising, as biological tissues have so-called “transparency window” in this 

range and it is possible to create agents for in-vivo bio-imaging with deep penetration (7-10 

mm) into human body. [2, 3, 4] Other advantages of rare earth ions include narrow spectral 

lines and submillisecond lifetimes of the emitting metastable levels [2].  

However, in aqueous media the fluorescence of rare earth ions in NIR region is substantially 

quenched [5]. Mainly, this fluorescence quenching is induced by vibrations of –OH 

molecular groups that are easily attached to the surface of NPs and mesopores inside of them 

or exist in the volume of NPs in the form of structural defects. [6, 7, 8] This is a fundamental 

obstacle, as most of the synthesis methods of water dispersible nanoparticles are carried out 

either in water or in other –OH containing media. Also, the concentration of nanoparticles in 

a colloidal solution during in vivo experiments should be as low as possible to avoid or at 

least minimize intoxication [9]. Moreover, the imaging itself is conducted in water media 

(human body). Thus, the elaboration of synthetic techniques allowing minimizing the water 

content in nanoparticles and, therefore, reduce fluorescence quenching, while preserving 

good dispersability in water, is a very important task from the practical point of view. 

The aim of this work is to develop synthesis method of water-dispersible luminescent 

nanoparticles of yttrium phosphates and fluorides doped with Nd
3+

 ions using microwave 

hydrothermal treatment of freshly precipitated gels, as well as a study the luminescent 

properties of obtained nanoparticles in order to estimate their applicability as bioimaging 

agents.  
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2. Literature overview 

2.1. Luminescent nanoparticles of rare-earth compounds and their biomedical 

applications  

Nowadays nanotechnology and nanoparticles are very well known and much studied, because 

nanoparticles exhibit properties different from that of bulk materials [10]. Despite the fact 

that nanoparticles are already investigated in many fields, like electronics [11], biomedicine 

[12], optics [13], and chemical synthesis [14], the exact definition about nanoparticles is not 

yet settled. Most often particles with the size between 1 and 100 nm are called nanoparticles.  

Although the diagnostic procedures have developed rapidly, the survival rate of cancer has 

not significantly improved over the past 30 years [1]. Combining nanotechnology with 

biomedicine opens perspectives of faster diagnostics, less harmful treatment and more 

localized imaging of pathological cells [15]. By all means, not all nanoparticles are suitable 

for biomedical applications. Desired nanoparticles are biocompatible, small, have narrow 

size-distribution, and they should be easily dispersible in water. It is shown, that the 

nanoparticles for bioimaging should have size around 50 nm. [16, 17] Unfortunately, the 

toxicity studies do not develop as fast as synthesis and functionalization of nanoparticles, 

which makes their everyday use impossible for now [10].  

In general, nanoparticles for biomedical applications are divided into five large categories: 

metallic, magnetic, semiconductor, luminescent and composite nanoparticles [18]. Each 

category has its own most widely known examples. Gold and silver nanoparticles are the 

most interesting subjects in case of metallic nanoparticles. Many researchers have developed 

gold nanoparticles as drug carriers [19] or as sensors [20]. Iron oxide magnetic nanoparticles 

are widely investigated for MRI contrast enhancement agents [21]. 

Rare-earth doped nanoparticles have several advantages over traditional organic phosphors 

and quantum dots and now they are the most attractive candidates for imaging applications 

[2, 22]. The trivalent rare-earth ions have narrow spectral lines and submillisecond lifetimes 

of the emitting metastable levels, which allow employing time-resolved fluorescence 

spectroscopy thus crucially enhancing the signal-to-noise ratio. Furthermore, they are 

uniquely photostable and moreover, it is possible to use them in bioimaging, because they 

have deep tissue penetration (7-10mm) [2, 3, 4]. The group of rare-earth elements contains 

lanthanum and 14 lanthanides, scandium, and yttrium. Lanthanide ions have intra-4f and 4f-
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5d transitions, which give them sharp fluorescence emission, and make them valuable 

material for luminescent phosphors. Doping host matrix with emissive Ln
3+

 ion is very 

effective because the size and chemical properties of lanthanide ions are similar. The 

luminescence can be divided into two main categories: up-conversion (UC) and down-

conversion (DC) emission process. [3] 

Rare-earth containing up-converting nanoparticles are the most known for possible 

biomedical applications. In UC process a photon with higher energy is emitted after the 

absorption of two or more lower energy excitation photons. This process has drawn a lot of 

attention recently, because it is a successful method generating visible light from near infra-

red light. Up-conversion processes can be divided into three main categories: excited state 

absorption (ESA), energy transfer up-conversion (ETU) and photon avalanche (PA). Up to 

date, ETU has been the most used method, because PA shows slow response and the results 

depend on pump power, while ESA is the least efficient method. [3]  

Up-conversion luminescence is realized when the inorganic matrix (host), activated Ln
3+

 ion 

(activator) and sensitizer obey to certain criteria. Ideal host material has low lattice phonon 

energy to ensure the maximum radiative emission. Right now, fluorides are the most common 

host materials for up-conversion nanoparticles, because they have low phonon energies (~500 

cm
-1

) and they are chemically stable. Chemical stability is a problem for other halides, 

because they are hygroscopic and their use is limited, although they have lower phonon 

energies (less than 300 cm
-1

). The most common host for up-conversion nanoparticles is 

NaYF4. Dopants, also called as activators, generate up-conversion emission. The most 

commonly used activators are Er
3+

, Tm
3+

 and Ho
3+

 ions, because of their ladder-like energy 

levels. The concentration of dopant is usually low, so there would be less energy losses. The 

optimal dopant concentration (Copt) is the concentration at which the photoluminescence 

intensity has a maximum value. Usually, the system is co-doped with another lanthanide ion 

to enhance the up-conversion emission, called sensitizer. Most commonly used sensitizer is 

Yb
3+

 ion. [3, 23] 

In the DC process, the photons with higher energy are converted into lower energy photons. 

The down-conversion luminescence system contains also a host matrix and activated Ln
3+

 

ions. The matrix acts as a host crystal for keeping the Ln
3+

 ions tightly and also sensitize their 

luminescence. Several inorganic compounds are suitable for being DCL host material, like 

RE oxide, oxysulfide, fluoride, phosphate and vanadate. Most commonly used activators for 

visible light are Eu
3+

, Tb
3+

, Sm
3+

 and Dy
3+

. In this case, the dopant concentration is also kept 
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rather low to avoid concentration quenching of luminescence and distortion of the host 

crystal structure. Photoluminescence intensity depends also on the host material, particles 

size, calcination temperature and synthesis conditions. Though the most commonly used 

dopant-ions for down-converting nanoparticles are emitting in visible range, there is a 

substantial amount of research dedicated to the nanoparticles doped with ions emitting in near 

infra-red region. [3] Such nanoparticles have attracted recently a lot of attention as potential 

materials for bioimaging and theranostics applications, as biological tissues become partially 

transparent in this spectra range, so-called biological tissues transparency window. [17] 

Figure 1 shows the transmittance spectrum of a typical human tissue (according to absorption 

and scattering spectra). There are two main biological windows, which are determined by 

taking into account two aspects: absorption of different compounds found from human tissue 

(like water and haemoglobin) and the scattering caused by the tissue. [17] 

1. The first biological window stretches from 700 nm to 980 nm. This area lies between 

the visible absorption band of haemoglobin and the characteristic 980 nm absorption 

band of water. In this region, the absorption has greatly vanished, but scattering still 

exists. The relevance of scattering decreases in longer wavelengths. [17] 

2. The second biological window is from 1000 nm to 1400 nm, which lies in between 

water absorption bands. As mentioned before, the relevance of scattering decreases in 

longer wavelengths, so in this spectra range, optical scattering is minimal. On the 

other hand, optical absorption has not completely vanished. [17] 

 

Figure 1. The transparency windows of biological tissues [17]. 

Only few ions have high absorption cross-section in the spectral range of interest. The most 

suitable candidates are Nd
3+

 and Tm
3+

 ions. The main problem in the near IR range is the 

fluorescence quenching, including self-quenching, which does not allow to achieve high 
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fluorescence quantum yield in these ions. [6, 7, 24] Fluorescence quantum yield (η) is defined 

as a ratio of photons absorbed by a fluorophore to those emitted via fluorescence. Current 

parameter is difficult to determine and several different methods are currently used, like 

absolute and relative methods (see more in ref. [3]). In the transparency window, the 

fluorescence quenching is induced by the vibrations of –OH molecular groups, which are 

easily attached to the surface of a nanoparticle and can quench fluorescent donors in the thin 

surface layer of the NP. Another possibility is that they are present in the volume of obtained 

particles, for example in the mesopores, and can quench the main part of donors in the 

volume of the NP. Since most of the studies with luminescent nanoparticles are related to the 

up-conversion nanoparticles, the problem of fluorescence quenching is not raised properly. 

Most of the up-conversion nanopararticles emit light in the visible or even in the UV light, 

where the quenching by –OH molecular groups is not an issue. [3, 25] On the other hand, for 

the down-converting nanoparticles this problem is crucial, therefore the development of 

advanced synthetic techniques, which allows minimizing the -OH-induced fluorescence 

quenching in the water-dispersible nanoparticles, is vital and important task from the 

practical point of view.  

2.2. Soft chemical routes for the synthesis of luminescent nanoparticles  

2.2.1. High temperature solvolysis 

Among all the soft chemical synthetic routes, high temperature solvolysis is one of the most 

popular and used method for synthesizing dispersible nanoparticles. Solvothermal route 

involves dissolving organic precursors in high-boiling organic solvent together with 

surfactants and other host matrix materials and heating the solution up to the temperatures at 

which solvolysis of dissolved materials leads to formation of desired compound in the form 

of nanoparticles. The precursors are sometimes inorganic, but usually organic acid salts, for 

example trifluoroacetate [22], oleate [26] or acetate [27]. The media is usually oleic acid [22, 

26], noncoordinating octadecene [22] or a mixture of high-boiling organic solvents [22]. 

Oleic acid and oleylamine polar groups both act as a surfactant, playing two different roles in 

the mixture: 1) capping the surface of the nanoparticles to ensure their dispersibility in 

organic solvents and prevent the aggregation and 2) the selective absorption effect is 

controlling the growth of the nanoparticles. [3] The concentration of oleic acid in the mixture 

influences the size of the nanoparticles. Smaller concentration of oleic acid leads to bigger 

nanoparticles. [26]  
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Current method gives monodispersed, crystalline, well-defined and phase-pure nanoparticles. 

It is suitable for synthesizing small nanoparticles, with mean size around 10 nm. Also, it is 

possible to further functionalize nanoparticles. [3, 28] There are several parameters which 

influence the morphology, size and crystal phase of synthesized nanoparticles including 

temperature, pressure, surfactant, precursor composition, heating rate, cooling rate, reaction 

time, solvent and concentration the reagents. However, high temperature solvolysis has some 

drawbacks; the synthesis conditions are rather harsh (high temperature, waterless, oxygen-

free and inert gas protection), it has high-cost, toxic precursors are present in the reaction 

mixture and it gives hazardous by-products. [29]  

Zou et al synthesized luminescent nanoparticles in ethylene glycol using polyethylenemine as 

a surfactant. The group obtained cubic NaYF4:Yb
3+

/Er
3+

 nanoparticles with good 

crystallinity. The average size of synthesized particles was 34 nm. [30] Using surfactants 

makes the surface of obtained nanoparticles hydrophobic, because the polar head of 

surfactant is targeted towards the surface of nanoparticles and hydrophobic tail is addressed 

towards solvent. This makes particles hard to disperse in hydrophilic media and gives great 

drawback in subsequent biological functionization. To avoid this drawbacks Bogdan et al 

synthesized ligand-free NaYF4:Er
3+

,Yb
3+

 up-converting nanoparticles using a modified 

solvolysis technique and obtained nanoparticles with a mean size around 25 nm. The oleate 

ligand was removed from synthesized nanoparticles using post-treatment with acid. By this 

way, the pH of the solution is changing; causing the protonation of the oleate ligand and oleic 

acid is released. Ligand-free nanoparticles dispersed in water show higher up-conversion 

luminescence compared to oleate-capped nanoparticles. A study in different pH values 

showed that reducing the pH results in positive zeta potential, which proposes that the surface 

of oleate-free nanoparticles is protonated [LnOH2
+
], enhancing the red emission. Also further 

functionalization with biomolecules is possible for imaging and detection applications in 

biological applications. [31] 

2.2.2. Co-precipitation from the aqueous solution 

Co-precipitation method is probably one of the simplest methods that are used for the 

synthesis of nanoparticles. Nanoparticles are obtained when two or more solutions, 

containing reagents, are mixed together in desired proportions under stirring. During this 

process, cation(s) and anion(s) form insoluble salt in the reaction mixture, which precipitates. 

Reaction can be conducted at the room temperature or at elevated temperatures. Elevated 
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temperatures might be needed to obtain more crystalline particles. [16] This method is user-

friendly, inexpensive, and environmentally green, has simple protocols, uses low-cost 

equipment and does not produce so many toxic by-products compared to the solvothermal 

method [3, 28]. The size and the shape of synthesized nanoparticles depend on numerous 

factors, like solvent, pH of the solution, used surfactant, ratio between ions, ionic strength 

and the nature of initial salts (perchlorates, chlorides, sulphates and nitrates). [16, 32, 33]  

However, it is rather difficult to obtain nanoparticles with narrow size distribution, as it is 

hard to control the kinetic factors. In order to control the size distribution of synthesized 

nanoparticles, it is important to keep nucleation process and growth process apart from each 

other, which is almost impossible in case of the co-precipitation technique. [16] Aubry et al. 

synthesized luminescent CaF2 NPs doped with Yb
3+

 ion using the co-precipitation method. 

They obtained particles with a mean size around 24 nm and with asymmetric size 

distribution. The surface of the synthesized particles was covered with the –OH groups. 

Annealing removed the residues of nitrates. The excitation spectrum was collected at 980 nm 

and revealed the presence of Er
3+

 and Tm
3+

 ions, although they were not used as doping ions. 

Energy transfer from the sensitizer to the additional acceptors took place, causing up-

conversion process. The radiative relaxation resulted in green and blue emission. The 

chemical analysis revealed impurities in the initial ytterbium nitrate salt, which was used as a 

precursor. [34] 

2.2.3. Microemulsion method 

The traditional microemulsion is two-phased inverse micelle (water-in-oil) system, which 

contains water phase, surfactant and oil phase. Surfactant is stabilizing the water droplets in 

the oil phase, so it results in a transparent solution. Water phase contains dissolved reactants. 

After mixing two microemulsions, water droplets collide and coalesce. This creates 

nanoreactors for the synthesis of nanoparticles. The size of the nanoparticles depends on the 

size of the water droplet. The size of the droplet is changeable by varying the water-to-

surfactant molar ratio (W0). Generally, increasing the value of W0 gives larger particles. [21] 

The mixture is usually further treated, using ultrasonication [21] or thermal treatment [35] to 

obtain well crystalline particles.  

Microemulsion method has proved to be suitable method for the synthesis of nanoparticles. It 

has several advantages, for example it is easy to prepare it, because they form spontaneously 

at room temperature. The small size of water droplets in the oil allows synthesizing small 
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particles. However, the formation of microemulsion requires huge amount of surfactants, 

which can be irritating. Although the microemulsion is thermodynamically stable, many 

factors including temperature and pH affect its stability. The yield of this method is rather 

low, which makes it not user-friendly. [3, 36]  

Several water-surfactant-oil systems have been used to synthesize luminescent nanoparticles: 

water-TX-100-cyclohexane [21], water-Brij-97-cyclohexane [21], water-Igepal CO-520-n-

heptane [21], water-CTAB-isooctane [37] and water-CTAB-n-hexane [37]. Mai et al 

prepared luminescent CaWO4 and ZnWO4 nanoparticles doped with Tb
3+

 and Eu
3+

 ions. For 

the synthesis, current group used cyclohexane-surfactant-1-hexanol mixture, wherein non-

ionic (Triton X-100) and cationic (CTAB) surfactants were added to the reaction mixtures. 

Freshly synthesized nanoparticles were crystalline. Unfortunately, the luminescence 

properties did not show good results. For that reason, further treatment with autoclave was 

used. Post-treated particles showed intense luminescence under UV-radiation. The size and 

shape of nanoparticles depend on the synthesized matrices and used surfactant. For CaWO4 

matrix and CTAB nearly spherical nanoparticles with a mean size around 50 nm were 

obtained. Meanwhile, synthesis with Triton X-100 gave broader size distribution and 

irregular shape for NPs. For ZnWO4 matrix, synthesis with Triton X-100 gave larger 

nanoparticles with a mean size around 80 nm. For the CTAB-based synthesis, obtained 

nanoparticles were rod-shaped with a length of 80-150 nm. CaWO4 and ZnWO4 exhibit blue 

emission, but doping with lanthanide ions widens the emission spectrum from blue (non-

doped) to green (Tb
3+

, maxima at 546 nm) and red (Eu
3+

 maxima at 614 nm). This gives a 

full-colour emission with using only one host matrix. [35] 

2.2.4. Hydrothermal synthesis 

Hydrothermal synthesis is widely used to synthesize nanoparticles. In hydrothermal synthesis 

water is used as a solvent in elevated temperatures and pressures above its boiling point. This 

increases the solubility of inorganic compounds, which usually are poorly soluble in ambient 

conditions. To obtain desired synthesis conditions, it is necessary to use a closed high-

pressure vessel (autoclave). [3]  

The term „hydrothermal“ has an geological origin. British geologist Sir Roderick Murchison 

(1792–1871) was the first person to use this method for describing action of water at elevated 

temperature and pressure in the Earth’s crust, which leads to the formation to different rocks 

and minerals. [38] Also, hydrothermal synthesis was used to grow single crystals. The 
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synthesis of single crystals is using the fact that the solution has temperature gradient 

between opposite ends of autoclave. In the hotter end, nutrient is dissolved in the solvent. 

Due to the temperature gradient between two areas, the nutrient, which dissolves in hotter 

area, but not in lower temperature, deposits on the seed of the crystal, which causes the 

growth of crystal. [39] The area of applications became wider and other types of materials, 

such as micro-and nanocrystalline powders [40], micro-and mesoporous materials [41], glass-

ceramic composites [42] were synthesized using this method.  

Hydrothermal synthesis is used as a one-step synthesis method. Typically a reaction mixture 

contains precursor, water and organic additive. The precursors are usually salts containing 

rare-earth elements, like chlorides [40] and nitrates [43]. Organic additive (surfactant) can 

tune the morphology of nanoparticles due to the selective adsorption on the different facets of 

nanocrystals. [3] The tuning of the morphology of nanoparticles can be achieved by organic-

additive free [40, 43], hydrophilic-ligand-assisted [44] and hydrophobic-ligand-assisted [45] 

synthesis. Wang et al developed a simple method for synthesizing nanomaterials by 

hydrothermal synthesis. It is based on a liquid-solid-solution (LSS) process. In the mixture, 

three phases exist: sodium linoleate (solid), the mixture of ethanol and linoleic acid (liquid) 

and water/ethanol solution containing the metal ions (solution). Phase-transfer and separation 

mechanism occur at the interfaces of the liquid, solid and solution phases during the 

synthesis, resulting in nanoparticles with hydrophobic layer, which precipitate due to the 

weight of synthesized nanoparticles, the incompatibility between hydrophobic surface of 

obtained nanoparticles and their hydrophilic surrounding. [46]  

Hydrothermal synthesis has several advantages compared to the other methods, including 

rather green chemistry route because of water-based synthesis, easily controllable reaction 

conditions, narrow size distribution, relatively low cost and high yield. This method is 

suitable for the synthesis of nanoparticles, because it gives monodispersed and highly 

homogeneous particles. The main disadvantage of current method is a long reaction time and 

to overcome this drawback it is possible to use microwave treatment, which intensifies 

diffusion and crystallization processes comparing to conventional heating. [3, 29, 47]  

2.3. Microwave hydrothermal synthesis  

Microwave hydrothermal synthesis route is very similar to conventional hydrothermal 

synthesis. The source of cation is usually a salt, either chloride [48] or nitrate [7].  
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Microwaves can influence organic [49] and inorganic [6, 7] reactions. The main advantage 

using microwaves in chemical reactions is the uniform heating of the mixture [50] and the 

shorter synthesis time [51]. Conventional heating is slow and not efficient method, because it 

depends on the thermal conductivity of different materials, including the autoclave. Very 

often, the temperature in the vessel is higher than in the solution. Since molecules under 

microwave irritation start to produce internal heat, the mixture heats up faster. [50] 

Microwave hydrothermal synthesis is also a green route, because for most of the times, water 

is used as a solvent [52]. Other advantages include high yield [49] and scalability [49].  

Ryabochkina et al. studied YPO4 nanoparticles doped with Er
3+

 ion as possible drug delivery 

systems. Nanoparticles were synthesized using microwave hydrothermal synthesis. Two 

different systems were obtained: Y0.95Er0.05PO4 (sample 1) and Y0.95Er0.05PO4·0.8H2O 

(sample 2). The first sample showed xenotime-type structure, while the second sample 

exhibited rhabdophane-type hydrate of yttrium orthophosphate. TEM analysis confirmed that 

the Sample 1 has almost isotropic particles, while the Sample 2 has mostly elongated, 

ellipsoidal nanoparticles. While the XRD measurements suggested the size of nanocrystals 

for the Sample 1 to be around 19 nm and for the Sample 2 around 15 nm, the TEM 

micrographs revealed the size of the crystals to be 37 nm and 30 nm, for the Sample 1 and the 

Sample 2 respectively. The luminescence emission spectra of Y0.95Er0.05PO4 and 

Y0.95Er0.05PO4·0.8H2O show the emission in IR range, which make their use in biomedical 

application more probable due to the transparency window. [53] 

As shown, there are several wet chemistry methods for synthesizing nanoparticles for 

biomedical applications. However, finding the method, which gives small, monodispersed 

and well-crystalline nanoparticles with reasonable time, cost and effort is rather difficult. For 

the past decade, much effort has been placed in developing up-converting nanoparticles, 

which have a light emission in the visible spectrum range. The main problem with these 

particles is the low quantum yield and the emission in the visible range, which does not 

transmit human tissues. For that reason, nanoparticles, which emit in the transparency 

window, have high quantum yield and make diagnostics local, are desirable. This work will 

focus on synthesizing water-dispersible luminescent nanoparticles, using three different 

matrices and Nd
3+

 ion as a luminescent ion, which has an emission in 850-1300 nm spectral 

range [54]. 
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3. Experimental section 

3.1. Synthesis of nanoparticles 

The initial reagents used in the synthesis without any further purification include 

Nd(NO3)3·5H2O (Aldrich, 99.999% purity), Y(NO3)3·4H2O (Aldrich, 99.999% purity), 

K2HPO4·3H2O (Aldrich, 99.9% purity), KF (Aldrich, >99% purity), KOH (KhimMed, >99% 

purity) and deuterium oxide (Aldrich 99.9% purity) .   

Syntheses are carried out using the Speedwave Four (Berghof GmbH, Germany) laboratory 

device (2.45 GHz, 1kW maximum output power). All the centrifugations are carried out 

using Thermo Scientific Heraeus Multifuge X1 device with Fiberlite F15-6x100y rotor. 

3.1.1. Synthesis of yttrium orthophosphates nanoparticles 

For the synthesis of YPO4 nanoparticles doped with Nd
3+

 ion (1% and 0.1% mass percent), 

Y(NO3)3·4H2O (4.950 mmol or 4.995 mmol, respectively) and Nd(NO3)3·5H2O (0.050 mmol 

or 0.005 mmol) are dissolved in 10 ml of deionized water. The solution of rare-earth salts is 

added dropwise to the 5, 10, 25 or 50 mmol K2HPO4·3H2O solution under vigorous stirring. 

The measured natural pH of K2HPO4·3H2O solution is 9.3. The pH is adjusted using 0.1M 

KOH solution up to 10.3, 11.3, and 13.6. After that, the freshly precipitated gel is stirring for 

additional 15 minutes. The freshly precipitated gel is further diluted with 10 ml of deionized 

water and transferred to the 100 ml Teflon autoclave. The autoclave is placed under 

microwave irritation for 1, 2 and 4 hours at 200 °C. The resulting solution is cooled, 

centrifuged and washed several times with deionized water. The resulting powder was dried 

in air at 100 °C overnight.  

To reduce fluorescence quenching we annealed samples at high temperatures: one of the 

samples of YPO4:Nd
3+

 (0.1%) nanoparticles is annealed at 900 °C for 1 hour.  

3.1.2. Synthesis of potassium-yttium fluorides nanoparticles 

For the synthesis of KYF4 and KY3F10 nanoparticles doped with Nd
3+

 ion (0.1% mass 

percent), Y(NO3)3·4H2O (4.994 mmol) and Nd(NO3)3·5H2O (0.005 mmol) are dissolved in 

10 ml of deionized water. The solution of rare-earth salts is added dropwise to the 5 mmol or 

50 mmol KF·2H2O solution under vigorous stirring. To improve the redispersibility of 

obtained nanoparticles, a biocompatible surfactant Emuksol-268 (NIOPIK) is added to the 

solution. Surfactant is added to the system in two different stages: early in the stage to nitrate 
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solutions and after the formation of gel. The freshly precipitated gel was diluted with 10 ml 

of deionized water and left under stirring for 15 minutes. The solution is transferred to the 

100 ml Teflon autoclave and placed under the microwave irritation for 4 hours at 200 °C. The 

resulting solution is cooled, centrifuged and washed several times with deionized water. The 

resulting powder is dried in air at 100 °C overnight. To reduce the fluorescence quenching, 

synthesis in deuterium oxide is conducted with the same synthesis route. After drying the 

samples, they are stored in desiccator. 

3.2. Measurement techniques 

3.2.1. X-Ray diffraction (XRD) analysis 

The X-ray diffraction analysis on synthesized nanoparticles is performed using the D/MAX 

2500 and SmartLab diffractometers (Rigaku™, CuKα-radiation). Nanoparticles are measured 

in the powdered form. X-ray data analysis (peak detection, fitting and crystallite size 

determination) are performed using updated version of AXES program [55]. The peaks are 

identified using JCPDS database and the literature data [56]. Instrumental broadening of the 

reflections are measured on the bases of standard material SRM-660 (LaB6). Physical 

broadening (β) of reflections is calculated by using Voigt decomposition method. Apparent 

volume weighted X/ray crystallite size <D>v in the direction normal to observed atomic 

planes is estimated using Scherrer equation: 

 
  

 

     
 

(1) 

where λ is the wavelength of X-ray irritation and θ is the Bragg angle for the particular 

reflection studied. 

3.2.2. Infrared spectroscopy (IR) measurements 

Infrared absorption spectra are measured using Perkin Elmer Spectrum GX FT/IR 

spectrometer. Spectra are measured in the powder form.  

3.2.3. Transmission electron microscopy (TEM) 

The morphology of obtained nanoparticles is measured by the means of TEM using Leo912 

AB Omega electron microscope at 100kV accelerating voltage. The samples are prepared 

using Hielscher UP200S ultrasonic processor (Germany, for stand use, 200 watts, frequency 

24kHz). 1 mg of obtained nanoparticles is dispersed in ethanol using the aid of 
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ultrasonication tip for 5 minutes. The resulting colloid is placed on TEM copper grid and let 

it dry for several hours.  

3.2.4. Thermogravimetric (TG) measurements 

The thermogravimetric analysis (TGA) for the powdered samples is performed using the 

LABSYS avo 1600 thermoanalyser coupled by a heated transfer line to the Pfeiffer mass 

spectrometer for the analysis of effluent gases.  

3.2.5. Dynamic light scattering analysis (DLS) 

The dynamic light scattering analysis is performed using Photocor Complex spectrometer. 

For the measurements, water colloid is prepared with a low concentration (0.1 mg/ml) using 

the aid of Bandelin SONOPLUS HD2070 ultrasonication device with a submersible 

waveguide KE76 for 1 minute. For the preparation of the water colloid, 1 mg of synthesized 

nanoparticles is dispersed in 1 ml of water with the aid of ultrasonication for 1 minute (using 

the CT-400D, CTBRAND ultrasonication bath). After that 0.1 ml of obtained colloid is 

mixed with 0.9 ml Proxanol 268 (NIOPIK) solution (0.01 mass percent) using intensive 

ultrasonication (Bandelin SONOPLUS HD2070 with a submersible waveguide KE76) for 1 

minute.  

3.2.6. Fluorescence spectroscopy 

The fluorescence emission spectra measurements for the YPO4:Nd
3+ 

nanoparticles are 

conducted at room temperature. For the KYF4:Nd
3+

 NPs and for the KY3F10:Nd
3+

 

nanoparticles measurements are conducted at room temperature and 10 K using the HORIBA 

Fluoromax-4 spectrafluorometer. 

3.2.7. Fluorescence kinetics spectroscopy 

The fluorescence spectra and kinetics are measured in near-infrared spectral range using 

pulsed laser excitation from the optical parametric oscillator (OPO) Ekspla NT342/1/UVE 

(tp=15 nm, f = 20 Hz). The fluorescence is dispersed by a MDR-23 monochromator (LOMO) 

and detected by a photomultiplier Pheu-79 and a multi-channel analyser (Fast Comtec P7882) 

with 100 ns time resolution using the photon counting technique. The edge-filter BLP-785R 

(Semrock) is attached to the front slit of the monochromator to prevent the entry of scattering 

light of the laser excitation into the MDR-23 monochromator.  
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4. Results and discussions 

4.1. YPO4 nanoparticles 

4.1.1. Phase composition of as prepared samples 

Our first task was to study the influence of the duration of synthesis, the ratio between 

yttrium and phosphate ion in initial solution and the pH of the initial solution to the 

morphology, size and luminescent properties of obtained nanoparticles. As a result, we found 

that depending on the synthesis conditions, obtained YPO4 nanoparticles were either 

tetragonal xenotime-type yttrium orthophosphate (YPO4) or the hexagonal rhabdophane-type 

hydrate of yttrium orthophosphate (YPO4·0.8 H2O) or the mixture of both (Table 1). 

Table 1. Phase composition of as-prepared samples according to the results of XRD analysis. 

Sample 
Duration of 

synthesis, h 

Y
3+

:PO4
3-

 

ratio 
pH 

Phase composition, according to XRD 

data 

D-1 1 1:1 natural (9.3) YPO4 

D-2 2 1:1 natural (9.3) YPO4 

D-4 4 1:1 natural (9.3) YPO4 

R-2 2 1:2 natural (9.3) Mixture of YPO4 and YPO4·0.8H2O 

R-5 2 1:5 natural (9.3) YPO4·0.8H2O (+ small amount of YPO4) 

R-10 2 1:10 natural (9.3) YPO4·0.8H2O (+ small amount of YPO4) 

pH-10 2 1:1 10.3 YPO4 

pH-11 2 1:1 11.3 YPO4·0.8H2O (no traces of YPO4) 

pH-13 2 1:1 13.6 Amorphous halo (+ traces of YPO4·0.8H2O 

phase and unidentified secondary phases) 

 

According to the XRD results (Figure 2), as-prepared YPO4 nanoparticles do not contain any 

traces of secondary phases and are well-crystalline. The calculated <D>v value for the 

anhydrous nanoparticles is 20±4 nm. At the same time, the YPO4·0.8H2O phase has lower 

crystallinity and most of synthesized samples contained other phases (like YPO4 or 
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unidentified secondary phases). Calculated <D>v value for R-2 sample is 13±3 nm. All the 

peaks from YPO4·0.8H2O phase were shifted towards smaller angles compared to the 

literature data. It can be due to the different synthesis method, which leads to different 

content of crystalline water.  

 

Figure 2. X-ray diffraction patterns of non-calcinated samples; a) the reference data of 

tetragonal YPO4 #11-254 from the JCPDS PDF2 database, b) the pattern on D-2 sample, c) 

the pattern on the R-10 sample, d) the standard pattern of hexagonal YPO4·0.8H2O phase 

from the JCPDS PDF2 database; T-traces of tetragonal yttrium orthophosphate phase, *- 

unidentified secondary phase.  

The stoichiometric ratio between Y
3+

 and PO4
3-

 ions in the starting mixture leads to the 

formation of tetragonal orthophosphate; results do not depend on the duration of synthesis. 

The formation of the rhabdophane-type hydrate is more sensitive to the reaction conditions. 

Hydrate forms when raising the ratio between two ions up to 1:10 or the reaction solution pH 

above 11. Halo on Figure 2c, shows that the sample synthesized in the excess of PO4
3-

 ions 

contains amorphous phase. This allows us to suggest that the formation of the YPO4·0.8H2O 

phase is precluded compared to the YPO4 phase. Although the exact formation mechanism of 

the YPO4·0.8H2O phase is unknown, the available data allows suggesting, that the large 

excess of anion in the reaction mixture creates higher degree of supersaturation and therefore 

a higher rate of nucleation. As a result, the particles are more aggregated and less crystalline.  

The YPO4·0.8H2O nanoparticles are also obtained using increased pH values (Table 1). The 

sample is phase pure and does not contain any traces of tetragonal YPO4 phase, unlike in the 

case of anion excess. Obtained nanoparticles also show higher degree of crystallinity. 

However, the high value of pH is not the only force for the formation of the hydrate phase. 

Hydrate phase is also obtained in the case of natural pH, but with a huge excess of anion.  
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Synthesized nanoparticles were also studied using Fourier transform infrared spectroscopy 

(FT-IR). The spectra of the YPO4 and the YPO4·0.8H2O phases are shown in Figure 3. As it 

is seen from the figure, the PO4
3-

broad bands around 1000 cm
-1

 look different for two phases. 

The hydrate phase exhibit more pronounced splitting of this band and also the red shift. 

Splitting may occur because of significantly different positions of the PO4
3-

 anions in crystal 

lattices, since some of them are in close proximity of H2O molecules in channels and some of 

them are not. Also, the red shift of 640 cm
-1

 band could have the same nature. 

 

Figure 3. The FT-IR transmission spectra of phosphate nanoparticles. 

Although the as-prepared sample should contain significant amount of water, only slightly 

stronger absorption in the anti-symmetrical stretched vibrational bands (around 3300 cm
-1

) of 

the hydroxyl groups is noticed. Nevertheless, the absorption band around 1400 cm
-1

, which is 

only notable in the YPO4·0.8H2O spectrum, may correspond to the vibrations of structurally 

bound water molecules. It is worth to note, we did not see any strong and sharp absorbance 

around 3500 cm
-1

, which is reported previously for the YPO4·0.8H2O phase [57].  

4.1.2. Morphology and thermal behaviours of the synthesized nanoparticles 

The comparison of morphology of the YPO4 nanoparticles synthesized in 200°C with 

different duration, without the anion excess shows unexpected decrease of the mean size of 

obtained nanoparticles. The shape of obtained isotropic nanoparticles varies from ellipsoidal 

to square. The mean sizes of synthesized nanoparticles are 46±15 nm, 41±12 nm and 34±13 

nm for 1, 2 and 4 hour synthesis, respectively. The decrease of particle size is probably 

related to the higher crystallinity and the dehydration of the amorphous phase, which is left 

on the surface and/or in the volume of obtained nanoparticles, because the volume of the 

hydrated amorphous phase is bigger than for the crystallized samples.  
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Figure 4 represents the TEM images and size distribution of synthesized nanoparticles. The 

sample distribution for the particles obtained after one hour treatment is close to normal, but 

the increase of the treatment durations leads to more lognormal distribution. This most likely 

indicates that, longer treatment also leads to Ostwald ripening and recrystallization of 

nanoparticles. From the TEM images it is also seen that all particles contain significant 

amount of mesopores, which allows suggesting that aggregation is taking place during the 

formation of nanoparticles.  

 

Figure 4. The TEM micrographs of YPO4 nanoparticles, varying the duration of synthesis: 1 

hour, 2 hours and 4 hours, respectively.  

The YPO4·0.8H2O nanoparticles synthesized at natural pH, but using large excess of anions, 

leads to strongly agglomerated elongated nanoparticles (Figure 5a). According to the TEM 

data, the mean size of these nanoparticles is around 40 nm, but the XRD data give the 

coherent scattering range of 18±2 nm. The significant difference between two data is mostly 

due to the anisotropic shape and low crystallinity of these nanoparticles. It is very probable, 

that synthesized particles contain several smaller nanocrystallites, which are divided by the 

layers of the amorphous material. 
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Figure 5. The TEM micrographs of synthesized YPO4·0.8H2O nanoparticles. 

At the same time, nanoparticles synthesized at elevated pH, show well-defined nanorods 

(Figure 5b). It allows suggesting that the mechanism of formation of obtained nanoparticles 

is different in this case. It seems that in the case of anion excess, there are two competing 

processes: aggregation of primary nuclei and their growth; while in elevated pH the growth of 

rod-like nanoparticles dominates. One of the possible explanations is the structure of 

precipitated gel during these processes. Since the gel is spatially confined structure, the rate 

of aggregation of primary nuclei and rate of the nucleation can be different. In the case of an 

excess of PO4
3-

 ion, the higher rate of nucleation is expected, so the aggregation of nuclei is 

more intensive and this leads to the formation of shapeless aggregates. In the case of the 

increased pH, the nucleation process is less intensive, so the growth process is more probable. 

Specific sorption of OH
-
 ions on selected facets of growing crystals, which facilitates growth 

of nanorods, is also known in hydrothermal conditions. One can also notice, that the 

YPO4·0.8H2O nanoparticles with defined shape do not contain as many mesopores as the 

YPO4 nanoparticles. This can also be related to the growth mechanism, because the formation 

of pores is improbable during the growth of nanorods.  

Our next task was to investigate thermal behaviour of obtained nanoparticles and especially 

carefully characterize the poorly studied phase transition from the YPO4·0.8H2O phase to the 

tetragonal YPO4 phase.  
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(a) 

(b) 

Figure 6. TG/DTG-DTA curves for the YPO4 (D-2) (a) andYPO4·0.8H2O (R-10) (b) phases. 

Figure 6a represents the TG/DTG-DTA data for the anhydrous YPO4 phase. On the DTA 

curve, it is clearly seen four minima, which correspond to the removal of physically adsorbed 

water molecules and the surface –OH groups. One can observe the first minimum around 80 

°C, which responds to leaving of H2O molecules adsorbed on the outer surface of 

nanoparticles. The total weight loss is rather small, staying under 1%. The second minimum 

is observed at 155 °C, which is attributed to the removal of the –OH groups attached to the 

outer surface of synthesized nanoparticles. From 200 °C to 400 °C one can see two minima, 

while according to the TG data, the main weight loss occurs. As it is seen on the Figure 4, the 

YPO4 nanoparticles contain great amount of mesopores. Probably in this temperature range, 

mesopores open and the weight loss is related to the removal of the mother solution from the 

pores, followed by the removal of the –OH groups attached to the surface of pores. 

Mesopores located close to the surface open at lower temperatures (around 220 °C) and the 

ones with longer distance from the outer surface open later (they are finally open around 320 

°C). Therefore, TG data shows wide temperature range for weight loss, but do not have well-
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pronounced steps. This can be due to two reasons: first, there is a continuum of distances 

from a mesopore to the outer surface of nanoparticle and second, after the mesopore is 

opened and the mother solution is removed, the -OH groups attached to the surface of the 

mesopores are removed. For that reason, one cannot distinguish minima from the TG curve 

very well, because these two processes are continuous and last up to 500 °C or even slightly 

higher temperature.  

The DTA/DTG curves for the YPO4·0.8H2O phase have in general the same features, 

although some differences appear (Figure 6b). First of all, the minimum related to the 

removal of absorbed water on the surface, has shifted to 95 °C and the weight loss is also 

larger. It can be due to the lower crystallinity; therefore there are more water molecules 

adsorbed on the surface of nanoparticles, which are more strongly bonded to it. It is 

previously shown [58] that removal of crystalline water for this phase starts at rather low 

temperatures (~100°C), so the hydrate also starts to decompose. Again, the TG curve does 

not have pronounced steps, which can be explained with the continuous removal of 

crystalline water, which starts slightly above 100°C. According to the previous study [58], 

this phase is stable up to 500 °C. From the TG curve, it is seen that the weight loss reaches to 

8%, so almost all crystalline water is removed in this temperature.  

As mentioned before, the weight loss around 200-400 °C in anhydrous phase is related to the 

opening of mesopores, but in the YPO4·0.8H2O phase the weight loss in this temperature 

range is insignificant. Since the mechanism of formation of nanoparticles is different in these 

two cases, the formation of mesopores is not in favour in hydrate phase.  

The TG data shows the weight loss reaches to 8%, so it is possible to suggest that most of the 

crystalline water molecules are removed. An additional minimum is seen in the DTG curve at 

550 °C. This minimum can be related to the phase transition, because the structural transition 

from the hexagonal phase starts above 500°C [58]. According to the mass-spectroscopy 

analysis of the effluent gases, this weight loss is also caused by the evaporation of water. 

Although most of crystalline water is removed from the crystal, the weight loss is still around 

1%. This is most likely connected to the removal of the –OH groups or water molecules, 

which are strongly bonded in the volume of the hydrated phase. One may assume the 

presence of –OH groups in the structure of the hexagonal orthophosphate requires charge 

compensation, which is associated with the defects in the cation sublattice, for example, 

intercalation of K
+
 ions into interstitial space. Since the hexagonal crystal structure is stable 

up to 500 °C, it is probable that the remaining groups are stabilizing it up to this temperature 
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(Figure 7c). As soon as the removal of these groups begins, also the transformation into the 

stable tetragonal phase starts. The temperature is relatively low and the diffusion of ions is 

slow, so this process is kinetically hampered. Annealing hydrate phase up to 700 °C or even 

higher, leads to the mixture of hexagonal and tetragonal phases (Figure 7b).  

 

Figure 7. The X-ray diffraction patterns of annealed samples; (a) the standard fingerprint 

pattern of the tetragonal YPO4 #11-254 from the JCPDS PDF2 database, (b) the pattern of the 

YPO4•0.8H2O (R-10) sample annealed at 700 °С for 10 hours, (c) the pattern of the 

YPO4•0.8H2O sample annealed at 470°C for 10 hours, (d) the standard fingerprint pattern of 

the hexagonal YPO4•0.8H2O #42-82 from the JCPDS PDF2 database. 

Although annealing nanoparticles at high temperatures leads to the removal of –OH groups 

on their surface, it also causes the aggregation. The size of nanoparticles used in biomedical 

application should not exceed 100 nm, so the aggregated samples are not suitable for the 

usage in biomedical applications.  

4.2. KYF4 and KY3F10 nanoparticles 

4.2.1. Phase composition of as prepared samples 

We synthesized series of samples varying the ratio between yttrium and fluoride ions in the 

initial solution. Depending on the synthesis conditions, obtained nanoparticles are either 

cubic phase of the KYF4 or the KY3F10. The modified cubic phase of the KYF4 is ascribed 

earlier in the literature and it seems to exist only in the nanostate [56]. The typical pattern of 

as-prepared KYF4 nanoparticles is seen in the Figure 8. The XRD data render that obtained 

nanoparticles are well-crystalline and do not have any traces of secondary phases. The 

calculated <D>v for the KYF4 nanoparticles is 36±4 nm, which is remarkably larger than 

previously discussed YPO4 nanoparticles. This confirms the better crystallinity of the KYF4 
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nanoparticles (Figure 8a). The peaks are a bit shifted compared to the reference data [56]. 

Since the nanoparticles used in reference have different dopant and its concentration, one can 

attribute the shift to that.  

 

Figure 8. (a) The XRD pattern of as-prepared KYF4 nanoparticles compared to the reference 

data [56] and (b) the XRD pattern of as-prepared KY3F10 nanoparticles compared to #01-071-

2757 from the JCPDS PDF2 database.  

The XRD data for the KY3F10 nanoparticles is shown in the Figure 8b. As one can see, the 

peaks are also narrow and well-defined, which indicates that synthesized particles are well 

crystalline and do not contain any traces of secondary phases. The calculated <D>v data for 

the KY3F10 nanoparticles is 36±7 nm. Obtained nanoparticles have the same size, but the 

KY3F10 phase shows wider size distribution.  

It is worth to note that we obtained the cubic phase of the KYF4 NPs only when the reaction 

mixture contains great excess (x10) of KF. In the case of stoichiometric mixture, obtained 

nanoparticles are cubic KY3F10 phase. It allows suggesting that the limiting stage for the 

formation of crystalline phases in this system is diffusion of K
+
 ions into the yttrium fluoride 

matrix.  

The FT-IR absorption spectra (Figure 9) of the KYF4 and KY3F10 nanoparticles show the 

water content is present in both phases. They have broad absorption band around 3200 cm
-1

, 

which corresponds to the stretching of the –OH groups. The bands near 1300 and 1500 cm
-1

 

correspond to the bending of the -OH groups attached to the surface of nanoparticles and 

belonging to water molecules, respectively. The latter is only present in the KYF4 phase. 

Most likely this intensive band is caused by the liquid water trapped in mesopores and this 

allows suggesting that only the KYF4 nanoparticles contain significant amount of mesopores, 

while the KY3F10 nanoparticles are almost free of mesopores. This result is in good 

(a) (b) 
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correlation with DT/TG analysis (see below). The bands around 700 cm
-1 

are related to 

yttrium fluoride bond [59]. The change of relative intensities and small shift are observed 

while comparing the KYF4 and the KY3F10 phases due to the different crystal structure of 

these compounds. 

 

Figure 9. The FT-IR absorption spectra of the KYF4 and the KY3F10 nanoparticles. 

4.2.2. Morphology and thermal behaviour of the synthesized nanoparticles 

The morphology of synthesized nanoparticles obtained in different molar ratios, shows 

similar results. Figure 10 shows the TEM image of the KYF4 nanoparticles. Obtained 

particles have isotropic shape and show rather uniform size distribution. The mean size of 

these nanoparticles is 31±7 nm, which is in good agreement with XRD results confirming the 

high crystallinity of obtained nanoparticles. The size distribution is close to normal. NPs 

contain some amount of mesopores. The formation of mesopores is related to the aggregation 

of primary nuclei in the formation process. Although nanoparticles are synthesized using 

biocompatible surfactant, they still show to be aggregated. 

 

Figure 10. TEM image of the KYF4 nanoparticles; the inset shows a zoomed fragment 

demonstrating the presence of the mesopores.  
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At the same time, the KY3F10 nanoparticles synthesized in stoichiometric ratio show also 

isotropic shape, but wider size distribution (Figure 11). The mean size of obtained 

nanoparticles is 38±13 nm and the size distribution of obtained nanoparticles is lognormal. 

Lognormal size distribution indicates that Oswald’s ripening and recrystallization of 

nanoparticles occurs. The XRD data is also in a good correlation with TEM data, which 

indicates the good crystallinity of synthesized nanoparticles. The amount of mesopores in the 

volume of nanoparticles is much smaller compared to previously studied YPO4 nanoparticles, 

probably due to lower rate of nucleation and more pronounced input of growth during 

fluorides formation. 

 

Figure 11. The TEM image of the KY3F10 nanoparticles. 

During the synthesis of the KYF4 and the KY3F10 nanoparticles, biocompatible surfactant 

Proxanol-268 is added to the reaction mixture in two different steps: to the solution of rare-

earth ions (Sample 1) and to the already precipitated gel (Sample 2). The morphology and 

size of obtained nanoparticles are not changing, but the dispersability of obtained 

nanoparticles is different. The DLS data of the KYF4 and the KY3F10 nanoparticles (Figure 

12) revealed that dispersing the Sample 1 in water gives the hydrodynamic radius of 

approximately 20 nm and a narrow size distribution. The particle size estimated from the 

TEM micrographs show slightly smaller size, but taking into account the fact that DLS radius 

is usually slightly overestimated, we may conclude that both phases prepared with first 

method result in more or less single nanoparticles in a solution. However, particles obtained 

by the second synthesis route (Sample 2) show much worse results compared to the Sample 

1. The mean size for the KYF4 nanoparticles is around 230 nm and for the KY3F10 

nanoparticles is around 190 nm.  
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Figure 12. Hydrodynamic radii distribution for the KYF4 particles (a) and the KY3F10 

particles (b) according to the DLS data: the Sample 1 (gray bars) and the Sample 2 (hatched 

bars). 

The next task is to study the thermal behavior of the KYF4 and the KY3F10 phases. According 

to the data of TG/DTG-DTA analysis of the KYF4 and the KY3F10 phases (Figure 13), an 

overall weight loss in fluoride nanoparticles is remarkably smaller compared to the phosphate 

nanoparticles (Figure 6). The overall weight loss for the KYF4 nanoparticles is 4.6%, which 

is almost twice smaller compared to the YPO4·0.8H2O nanoparticles. As it is seen from the 

DTG curve, there are two big minima, which correspond to the removal of physically 

adsorbed water molecules on the surface of nanoparticles and opening of mesopores. The first 

minimum observed around 105 °C is related to the removal of physically absorbed H2O 

molecules from the outer surface of nanoparticles. The temperature has shifted compared to 

previously described phosphate phases. This is probably due to the stronger binding of water 

molecules to fluoride surface. The weight loss at this temperature is significant (around 1%). 

This means, the outer surface of nanoparticles contain remarkable amount of physically 

adsorbed water. It is important to note that the data obtained from the differential thermal 

analysis (DTA) do not coincided to the DTG data. The first minimum of the DTA peak is 

around 128 °C, which is considerably higher than obtained from the DTG data. The shift is 

probably due to the distribution of the binding energies from physically sorbed water 

molecules (van der Waals interaction) to chemically sorbed water molecules (compensation 

unsaturated coordination of surface rare-earth ions). The second peak, according to the DTG 

data, occurs around 226 °C, which attributes to the opening of mesopores. The weight loss at 

this temperature is more than 3%. Again, the DTA data give dissimilar results with the DTG 

data. The second peak in the DTA curve occurs at 239°C, which is higher than the DTG 

peak. This is due to the fact that mesopores are located in different depths from the outer 

surface and open at different temperatures. The main weight loss occurs between 40 and 400 

(a) (b) 
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degrees, up to 4.3 %, which attributes mostly to removal of physically and chemically 

adsorbed water, opening of the mesopores and removal of the –OH molecular groups from 

the surface and the mesopores. At higher temperatures, analysis of exhaust gases does not 

show any traces of water vapours, so it is reasonable to suggest that further changes are due 

to phase transformations and/or oxidation of the fluoride nanoparticles. All the phases are 

very unstable and for that reason, the study on annealed samples cannot be conducted.  

 

a) 

 

b) 

Figure 13. The TG/DTG-DTA data for the KYF4 (a) and KY3F10 (b) samples. In current 

graphs, some results are multiplied in order to draw out the graph. In graph (a) the DTG 

results are multiplied 100 times and in graph (b) the DTG results are multiplied 50 times and 

the TG results are multiplied twice. 

The DTG/DTA for the KY3F10 nanoparticles show considerably smaller amount of absorbed 

water. The overall weight loss for the KY3F10 nanoparticles is only around 1 %, which makes 

the analysis rather difficult. The DTA curve shows constant endothermic effect, but not well-

defined peaks. During the analysis, constant endothermic effect refers to the evaporation of 

absorbed water, opening of mesopores and removal of the –OH groups. The first DTG peak 

occurs at 110 °C, which corresponds to removal of physically sorbed H2O and –OH groups 

from the outer surface of obtained nanoparticles. This is slightly higher than previously 

studied KYF4 nanoparticles. The second peak at the DTG curve occurs at 344 °C, which 

correspond to the removal of strongly bound –OH groups and probably to the opening of 

mesopores. The weight loss in this case is around 0.5%, which indicates that amount of 

mesopores in this phase is very low. The reason of the lower content of mesopores in the 

KY3F10 phase probably lies in the formation mechanism in which growth from feeding 

solution overwhelms nucleation. As well as the KYF4 phase, above 400-450 °C there are no 



29 

 

traces of water vapours in the exhausted gases and changes are most likely due to phase 

transformations and oxidation. 

Obtained results clearly show that the conditions of synthesis strongly affect phase 

composition (including water/-OH groups content), crystallinity and morphology of obtained 

nanoparticles. All these parameters strongly affect their luminescent properties. Study of this 

influence is the subject of the next chapter of the thesis. 

4.3  Spectroscopic studies of synthesized nanoparticles 

Luminescent properties of synthesized nanoparticles are also studied. The nanoparticles used 

in the study are: as-prepared and annealed samples of YPO4:Nd
3+

 phase; as-prepared samples 

of KYF4:Nd
3+

 and KY3F10:Nd
3+

 phases. For fluorescence emission spectra measurements, 

YPO4:Nd
3+

 nanoparticles with higher dopant concentration (1%) are used. Meanwhile, for the 

fluorescence kinetics measurements of the YPO4:Nd
3+

 nanoparticles and other matrices, the 

samples are doped with low concentration of Nd
3+

 ion (0.1%).  

The fluorescence emission spectrum of the 1 at% YPO4:Nd
3+

 nanoparticles at room 

temperature at 580 nm excitation wavelength. The fluorescence emission spectra of the 

KYF4:Nd
3+ 

and the KY3F10:Nd
3+

 nanoparticles are measured at room temperature and at 10 K 

with 576 nm excitation wavelength. After the excitation to the 
4
G5/2 level of Nd

3+
 ion, the 

subsequent fast multiphonon relaxation to the 
4
F3/2 metastable level occurs. (Figure 14) 

  

Figure 14. The fluorescence emission spectrum of the YPO4:Nd
3+

 NPs and the 

KYF4:Nd
3+

NPs (a) and the KY3F10:Nd
3+

 NPs (b). 

Nd
3+

 ion have also two other fluorescence transitions, which are suitable for the imaging of 

biological tissue. These lines lie in 1 µm (
4
F3/2 → 

4
I11/2) and 1.3 µm (

4
F3/2 → 

4
I13/2) spectral 

bands, but they are not preferred, because the biological tissues are the most transparent in 

the 800-900 nm spectral band. 
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The fluorescence kinetics is measured for the as-prepared YPO4:Nd
3+ 

nanoparticles, annealed 

YPO4:Nd
3+ 

nanoparticles (annealed at 900 °C for 1 hour), as-prepared KYF4:Nd
3+

 

nanoparticles (synthesized in water and D2O) and as-prepared KY3F10:Nd
3+

 nanoparticles. 

The fluorescence decay curves of the as-prepared samples, which are measured at the 
4
F3/2 → 

4
I9/2 transition of Nd

3+
 ion, display the non-exponential decay over the whole time range. The 

quenching process in Nd
3+

 doped nanoparticles can be related to two processes: energy 

transfer from the emitting 
4
F3/2 level of Nd

3+
 ion to the vibrational levels of –OH groups and 

Nd-Nd self-quenching [6, 7]. These processes can be accelerated by energy migration over 

Nd
3+

 ions (Figure 15). 

 

Figure 15. The scheme of relaxation of the 
4
F3/2 metastable level of the Nd

3+
 ion in the doped 

crystalline nanoparticles. Red arrow – laser excitation, thick black arrow – near IR 

luminescence in the biological tissue transparency window, arc arrows – energy migration 

over Nd
3+

 ions to unexcited Nd
3+

 ions and to –OH acceptors, thin black arrows - cross-

relaxational transitions which govern nonradiative energy transfer, dashed arrows – 

multiphonon relaxation. Quenching channels: right –quenching caused by –OH vibrations; 

left – self-quenching by unexcited Nd
3+

 ion.  

The analysis of a probability of the excitation not to be quenched by the energy transfer 

processes to different acceptors (kinetics of impurity quenching (N(t))) helps to estimate the 

mechanisms of fluorescence quenching and calculate parameters of energy migration. The 

kinetics of the impurity quenching N(t) of the as-prepared samples can be obtained by 

division of the measured fluorescence kinetics Imeas.(t) (normalized to unity) by    
  

 

  
 
 in 

accordance with the following equation:  

 
                

  
 
  

 
 

(2) 
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Finding the correct radiative lifetime τR is important. Calculations from the as-prepared 

nanoparticles are very difficult, because of intensive quenching even at low concentrations. 

For the YPO4:Nd
3+

 nanoparticles, the fluorescence kinetics of as-prepared nanoparticles does 

not reach the spontaneous emission exponential stage within the measured time interval and 

the radiative lifetime cannot be determined even from the late stage of the kinetics. The 

radiative lifetime (τR=316 μs) is obtained from annealed nanoparticles (900 °C, 1 hour), 

because annealing removes the –OH groups and minimizes the fluorescence quenching 

(Figure 16).  

 

Figure 16. (a) Fluorescence kinetics of the YPO4:Nd
3+

 0.1 at% NPs: as-prepared (black line) 

and annealed samples (red line). (b) Fluorescence kinetics of the KYF4:Nd
3+

 and the 

KY3F10:Nd
3+

 NPs: the KY3F10:Nd
3+

 NPs synthesized in water (black line), the KYF4:Nd
3+

 

synthesized in H2O (green line) and KYF4:Nd
3+

 synthesized in D2O (pink line). The dashed 

lines are fitting by the exponential function.  

For the fluoride nanoparticles, it is well seen the non-exponentiality of all kinetic curves 

(Figure 16b). The radiative lifetime (τR=1862 μs) for the KYF4:Nd
3+

 nanoparticles is 

calculated from the kinetic curve obtained from the sample synthesized in D2O, because the 

late stage of kinetic curve is exponential. The radiative lifetime (τR=1895 μs) for the 

KY3F10:Nd
3+

 nanoparticles is calculated from the nanoparticles synthesized in water. At this 

low concentration the relaxation of the excited electronic level at the latest stage of the 

kinetics is solely defined by the spontaneous emission. The radiative lifetimes for fluoride 

phases are nearly six times higher compared to the YPO4: Nd
3+

 nanoparticles. Both fluoride 

phases show relatively long radiative lifetime, which is enough to insure that that no 

biological tissue auto-fluorescence interfere the tumor imaging, since the autofluorescence is 

usually in nanoseconds  

In very low Nd
3+

 concentrations (>0.1 at%), the Nd-Nd energy migration and self-quenching 

are negligible [8]. In this case the impurity quenching kinetics N(t) is the static quenching or 
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direct energy transfer (DET) (excitation is dying in the place of origin). The excited Nd
3+

 ions 

act as energy donors and the –OH acceptors act as the only fluorescence quenchers. The 

kinetics starts with the exponential ordered stage [7], continuing with the transitional region 

and the disordered Föster stage [60]. At the ordered stage, the energy is transferred to 

acceptors, which are located in the nearest coordination sphere. The acceptors located further 

from the donor (RDA » Rmin), are contributing mostly into the disordered Föster stage. The 

impurity quenching kinetics (Nord(t)) at the initial exponential ordered stage is expressed as  

 Nord(t)= exp (-W0t)  (3) 

valid at t→0, where the rate W0 is defined as 

 

           
  

 

   

 

(4) 

where cA is the relative acceptor concentration, CDA is a microparameter of donor-acceptor 

interaction defined as WDA = CDA/r
s
, a    

   
   is the lattice sum over all acceptors sites, and 

s is the multipolarity of donor-acceptor interaction. The donor-acceptor interaction may be 

different types. In the case of energy transfer from the excited 
4
F3/2 level of Nd

3+
 ion to 

vibrational levels of the –OH molecular groups, the donor-acceptor interaction is dipole-

dipole, so the s=6. [7]  

If studying continuous medium with low donor and acceptor concentration (RDA»Rmin) and 

with arbitrary acceptor space dimension d, the disordered stage of static quenching kinetics is 

defined as  

 
              

 
   

(5) 

To define the dimension of the acceptors space and estimate the location of acceptors, the 

kinetic curve is usually presented in the scales of –lg(-ln[N(t)]) = lg γA + (d/s)lgt. The slope 

of the curve determines the dimension of acceptor space d if the multipolarity s is known. 

The disordered static stage of the impurity quenching kinetics is linearized with a slope angle 

tg φ = 1/2 =3/6, which results in d=3. It states that the acceptor space is three-dimensional 

and the acceptors are not located on the surface of nanoparticles, but in their volume [61].  

For the YPO4:Nd
3+ 

nanoparticles, one may observe the ordered stage, whereas for fluoride 

nanoparticles it is not seen. The TEM images revealed remarkable amount of mesopores 

located in the YPO4:Nd
3+

 nanoparticles. The first suggestion is that the –OH acceptors are 

located in formed mesopores (Figure 4), which are filled with the mother solution. These 
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results are in good correlation with TGA results (Figure 6). However, this cannot be the only 

reason, because in this case, the donor-acceptor distance would be too large and the initial 

ordered stage that is detected could not have been observed. For that reason, it is important to 

find some other reason, why acceptors are located so close to the nearest coordination sphere 

of Nd
3+

 ion. It is probable that the crystal structure of synthesized nanoparticles have some 

defects, which allows –OH groups to be located close to the donors. Since obtained 

nanoparticles are synthesized in water conditions, the protonation of the phosphate groups is 

possible. In this case, the minimal distance between the Nd
3+

 and –OH groups is very short 

(Rmin = 0.23 nm [7]) and may cause strong fluorescence quenching. Current process can be 

described as: 

 PO4
3-

 + H
+
 ↔ HPO4

2-
 (6) 

For this study, nanoparticles were synthesized without pH adjustment and the HPO4
2-

 is the 

most regnant form in the solution. It is probable that some of the HPO4
2-

 groups remained in 

the structure of yttrium phosphate even after crystallization process. For sure, described 

process must be accompanied by charge compensation. This could be due to vacancy 

formation in a cationic sublattice or (less probable) replacement of Y
3+

 with a K
+
 ion. 

The fluoride nanoparticles do not have the first ordered stage, which means the –OH 

quenchers are located further from the donor and no previously suggested protonation takes 

place. The KYF4:Nd
3+ 

nanoparticles have also distinguishable mesopores (Figure 10), which 

contain –OH quenchers. The TEM micrographs of KY3F10 NPs (Figure 11) do not show 

visible mesopores, but the TGA results (Figure 13) indicate mass loss, which can be related 

to removal of absorbed water and opening of mesopores. Since all nanoparticles have 

quenchers located in three-dimensional space, one may conclude that applying a cover does 

not eliminate fluorescence quenching, as it is often believed. 

In the case of d=3 and s=6, the energy transfer macroparameter is defined as [60]: 

 
    

 

 
  

 
          

(7) 

The macroparameter can be determined from the replotted graph (Figure 17), where the 

scales are ln N(t) vs. t
1/2

. The static quenching macroparameter γA is calculated from the slope 

angle tangent of the linear part of the curve. Obtained macroparameter for the YPO4:Nd
3+

 

nanoparticles is γA = 0.48 µs
-1/2

, whereas the calculated value of γA = 0.11 μs
-1/2

 for the 
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KYF4:Nd
3+

 NPs and γA = 0.03 μs
-1/2

 for the KY3F10:Nd
3+

 NPs. This indicates that quenching 

in phosphate nanoparticles is stronger than in fluoride NPs.  

 
 

Figure 17. Impurity quenching kinetics N(t) replotted as ln(N(t)) vs. t
1/2

. (a) the YPO4:Nd
3+

 

NPs (black line); (b) the KYF4:Nd
3+

 (black line) and the KY3F10:Nd
3+

 NPs (green line).The 

dashed lines correspond to the fitting by the linear function. 

To estimate the concentration of the –OH acceptors in the pores of the nanoparticles using 

Equation (7), assuming that CDA (Nd-OH) = 0.6 nm
6
 ms

-1
 [7] found for phosphate laser glass 

does not differ strongly from that of the Nd
3+

 doped phosphate crystalline nanoparticles. The 

calculated concentration of the –OH groups in the YPO4:Nd
3+

 NPs is high (nA(OH) = 2.7 nm
-

3
) compared to the Nd

3+
 concentration (nA (Nd

3+
) = 0.14 nm

-3
). The minimum distance 

between Nd
3+

 ions (Rmin (Nd-Nd)) = 0.38 nm [7]) is longer than the distance between Nd
3+

 

ion and –OH groups (Rmin(Nd-OH) ≈ 0.23 nm [7]). A very steep dependence of the 

probability of the energy transfer on the distance R between the Nd
3+

 donor and both types of 

acceptors 

 WDA = CDA/R
6
 (8) 

explains a negligible role of Nd-Nd self-quenching. 

The –OH acceptor concentration is estimated in the fluoride phases in comparison to the 

YPO4:Nd
3+

 nanoparticles. Since the 
OHNd

DAC 
 microparameter is proportional to the 

spontaneous emission rate 1/τR of the donor [62], and the ratio of the 
OHNd

DAC 
 

microparameters can be therefore roughly estimated from the ratio of spontaneous emission 

rates in the two materials, considering that 
OHNd

DAC 
=0.6 nm

6
/ms for the phosphate 

nanocrystals. The spontaneous emission rate 1/τR is approximately 6 times higher in the 

phosphate nanoparticles than in fluoride ones. Assuming that the overlap integrals of the 
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form-factors of the Nd
3+

 fluorescence spectrum and the –OH absorption spectrum in 

phosphates and fluorides are close, we may estimate OHNd

DAC   ~ 0.1 nm
6
/ms for the fluoride 

nanoparticles. Using the Equation (7), we may therefore conclude that the concentration of 

the –OH acceptors in the KYF4:Nd
3+

 nanoparticles is approximately 1.24 nm
-3

, i.e. about 

twice lower than that in the phosphate nanoparticles (2.7 nm
-3

). The concentration of the –OH 

acceptors in the KY3F10:Nd
3+

 nanoparticles is approximately 0.40 nm
-3

, i.e. approximately 

seven times lower than that in the phosphate nanoparticles and more than three times lower 

than in the KYF4:Nd
3+

. 

The water content in the KY3F10:Nd
3+

 NPs is remarkably lower compared to the 

KYF4:Nd
3+

and the YPO4:Nd
3+ 

NPs. The spectroscopy results are in good correlation with the 

TG data, where the overall water content was also remarkably lower compared to other 

nanoparticles. Also, the TEM images confirmed that the KY3F10:Nd
3+

nanoparticles are 

smaller compared to YPO4:Nd
3+

 NPs and the XRD results revealed higher crystallinity. This 

allows suggesting that mesopores in KY3F10:Nd
3+

nanoparticles are smaller compared to other 

phases. 

As mentioned in ref. [3], it is possible to determine the luminescence quantum yield using 

different approaches. In this work, the relative fluorescence quantum yield is calculated as the 

ratio 
 

  
 of quantum yield of luminescence because of impurity quenching η [63]: 

 
  

 

  
        

  
 
  

 
  

 

 

 
(9) 

where τD is the lifetime in the absence of quenching energy transfer, to the quantum yield η0 

in the absence of quenching energy transfer. 

 
   

 

  
    

  
 
  

 
  

 

 

 
  
  

 
  

     
 

(10) 

where   is the lifetime of the intracenter quenching. The relative luminescence quantum 

yield for the metastable 
4
F3/2 level of Nd

3+
 ion, with   =1 is expressed as 

 

  
        

  
 
  

 
  

 

 

  
 

            
 

 

  
 

(11) 

and is equal to the absolute quantum yield of luminescence from the 
4
F3/2 metastable level. 
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The Table 2 shows calculated fluorescence quantum yield values using Equation (11) for all 

the studied matrices, together with the other characteristic values.  

Table 2. The negative correlation between the fluorescence quantum yields η of the 
4
F3/2 

level of Nd
3+

 and the Förster macroparameters of energy transfer γA (Nd-OH) in different 

0.1% Nd
3+

 doped nanocrystals. 

Type of nanocrystal 

matrix 
TEM sizes, nm τR, µs γA, µs

-1/2
 η,% 

YPO4 41±12  316 0.48 4.8 

cubic KYF4 31±7 1862 0.11 9.8 

KY3F10 38±13 1895 0.03 38.2 

 

The highest value of the fluorescence quantum yield is calculated for the KY3F10:Nd
3+

 

nanoparticles. This is approximately 4 times higher compared to the KYF4:Nd
3+

 nanoparticles 

and 8 times higher compared to the phosphate nanoparticles. It should be also noted that it is 

in negative correlation with the Föster macroparameter of quenching energy transfer (γA), i.e. 

the lower the quenching by the volumetric –OH acceptors, the higher is the fluorescence 

quantum yield. The fluorescence is less quenched in the KY3F10:Nd
3+

 nanoparticles and 

therefore the fluorescence quantum yield is the highest, which makes them especially 

promising materials for bioimaging. 
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5. Conclusions 

A synthetic procedure is developed, which allows controlling phase composition, 

morphology, and dispersibility of yttrium phosphates and fluorides doped with Nd
3+

 ions. 

Suggested procedure is based on the microwave-hydrothermal treatment of freshly 

precipitated gels in well-defined conditions, including temperature, duration of treatment, 

reagents concentration, surfactant concentration, and pH of media.  

Conditions of formation of the YPO4·0.8H2O phase in hydrothermal conditions are 

established. It is shown that large excess of either PO4
3-

 or OH
-
 ions in the reaction mixture is 

necessary for the synthesis of the hexagonal hydrate of yttrium orthophosphate. The 

mechanism of the YPO4·0.8H2O phase stabilization at elevated temperatures is clarified. It 

was shown that despite the almost complete removal of crystalline water below 300 °C, some 

amount of strongly bound -OH groups remain in the structure up to 550 °C and stabilizes the 

hexagonal structure. 

Highly crystalline and water dispersible nanoparticles of Nd
3+

-doped KYF4 and KY3F10 were 

synthesized. It was shown that large excess of F
-
 ions is needed to obtain nanoparticles of 

metastable cubic KYF4 phase, which does not exist in bulk state. By the means of thermal 

analysis and IR spectroscopy, it was established that the KYF4 phase contains substantial 

amount of mesopores, while the KY3F10 nanoparticles are almost free of them. Conditions for 

preparation of high quality water colloids of synthesized nanoparticles were established 

The luminescent properties of synthesized Nd
3+

-doped yttrium phosphates and fluorides 

nanoparticles were studied. Structural origins of fluorescence quenching are revealed. It was 

shown that protonation of the PO4
3-

 group in phosphate nanoparticles leads to intensive 

quenching, resulting in two-stage kinetics, which is caused by the vibrations of the –OH 

groups located in the volume of NPs. Meanwhile, the fluorescence from the fluoride 

nanoparticles is also quenched by the –OH vibrations, but it is remarkably less compared to 

the phosphate nanoparticles due to the absence of protonation and smaller amount of 

mesopores in the volume of the NPs, especially in the KY3F10:Nd
3+

 nanoparticles. This 

increases several times the fluorescence quantum yield for the latter and makes it especially 

promising material for bioimaging in the first transparency window of biological tissues.  



38 

 

The results discussed in this work are published: 

1. Vanetsev, A.S., Samsonova, E.V., Gaitko, O.M., Keevend, K., Popov, A.V., Mäeorg, 

U., Mändar, H., Sildos, I., Orlovskii, Yu.V. Phase composition and morphology of 

nanoparticles of yttrium orthophosphates synthesized by microwave-hydrothermal 

treatment: the influence of synthetic conditions. Journal of Alloys and Compounds. 

2015, 639, 415-421. 

2. Samsonova, E.V., Popov, A.V., Vanetsev, A.S., Keevend, K., Orlovskaya, E.O., 

Kiisk, V., Lange, S., Joost, U., Kaldvee, K., Mäeorg, U., Glushov, A.N., Ryabova, 

A.V., Sildos, I., Osiko, V.V., Steiner, R., Losvhenov, V.B., Orlovskii, Yu.V. An 

energy transfer probe for –OH-quenchers in the Nd
3+

:YPO4 nanocrystals suitable for 

imaging in the biomedical tissue transparency window. Phys. Chem. Chem. Phys. 

2014, 16, 26806. 

3. Samsonova, E.V., Popov, A.V., Vanetsev, A.S., Keevend, K., Kaldvee, K., Puust, L., 

Baranchikov, A.E., Ryabova, A.V., Fedorenko, S.G., Kiisk, V., Sildos, I., Kikas, J., 

Steiner, R., Losvhenov, V.B., Orlovskii, Yu.V. Fluorescence quenching mechanism 

for water-dispersible Nd
3+

:KYF4 nanoparticles synthesized by microwave-

hydrothermal technique. J. Lumin. 2015, 

http://dx.doi.org/10.1016/j.jlumin.2015.03.015 



39 

 

6.  Mikrolaine hüdrotermaalse meetodiga sünteesitud vees 

dispergeeritavad luminestseeruvad neodüümiga dopeeritud ütrium 

fosfaadi ja fluoriidi nanoosakesed. 

Kerda Keevend 

Kokkuvõte 

Kuigi meditsiin on viimase 30 aastaga palju arenenud, on vähki suremus jätkuvalt väga 

kõrge. Nõrgestatud organisme peab uurima väheinvasiivsete meetoditega. Selleks sobib laser-

indutseeritud ravi, kus kasutatakse lähiinfrapunases spektrivahemikus kiirgavaid nanoosakesi. 

Selles piirkonnas asub eluskoe läbilaskvuspiirkond, kus rakkude neeldumine on väike. Antud 

töö eesmärgiks oli välja töötada sünteesiprotokoll vees dispergeeritavate luminestseerivate 

ütrium fosfaadi ja fluoriid nanoosakesete jaoks, kasutades mikrolaine hüdrotermaalset 

meetodit, uurida nende luminestsentsi omadusi ning hinnata materjali sobivust biomeditsiini 

rakenduseks.  

Töös kasutatavad nanoosakesed sünteesiti mikrolaine hüdrotermaalse meetodiga. Ühendeid 

karakteriseeriti mitmete meetoditega: röntgendifraktsioon analüüs, infrapunaspektroskoopia, 

läbivalgustav elektronmikroskoopia, termogravimeetria ja fluorestsentsspektroskoopia. 

Kokkuvõttes töötati välja sünteesiprotokoll mikrolaine hüdrotermaalse meetodi jaoks, mis 

aitab kontrollida Nd
3+

 iooniga dopeeritud ütrium fosfaatide ja fluoriidide faasilist koostist, 

morfoloogiat ning dispergeeritavust vees. Välja pakutud protokoll hõlmab kontrolli mitmete 

reaktsioonitingimuste üle.  

Leiti tingimused YPO4·0.8H2O nanoosakeste sünteesiks. Reaktsioonisegusse suures 

ülehulgas lisatud PO4
3-

 või OH
-
 ioonid on vajalikud mainitud faasi sünteesimiseks. Töös 

näidatakse, et kuumutamisel eraldub suurem osa kristallveest allpool 300 °C, kuid osa vee 

molekule jääb struktuuri stabiliseerima kuni 550 °C-ni. Lisaks töötati välja sobivad 

tingimused kristalliliste ning vees dispergeeritavate Nd
3+

 iooniga dopeeritud KYF4 ja KY3F10 

nanoosakeste sünteesiks. Näidati, et reaktsioonisegus suures ülehulgas olevad F
-
 ioonid 

aitavad kaasa metastabiilsete KYF4 nanoosakeste moodustamiseks, mida on kirjeldatud vaid 

nano-olekus. Infrapunaspektroskoopia ning termogravimeetria tulemused tõestasid, et antud 

faas sisaldab suures hulgas vett, samal ajal kui KY3F10 faas on praktiliselt veevaba. 
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Sünteesitud nanoosakeste luminestsentsomadusi uuriti fluorestsents-spektroskoopia ning 

fluorestsentsi kineetika meetodite abil. Nanoosakeste struktuurilistele eripäradele tuginedes 

leiti fluorestsentsi kustutamise mehhanism. Pakuti välja fosfaatrühma protoneerimise mudel, 

mis kirjeldab väga hästi kaheastmelist fluorestsentsi kustutamise kineetikat, mis on 

põhjustatud hüdroksüülrühmade vibratsioonvõnkumistest. Samal ajal sünteesitud fluoriidi 

nanoosakeste fluorestsents on samuti kustutatud –OH rühmade poolt, kuid võrreldes 

fosfaatidega oluliselt vähemal määral, kuna eespool kirjeldatud protoneerimist ei toimu ning 

osakesed sisaldavad vähemal määral mesopoore. Seetõttu on fluorestsentsi kvantsaagis 

mitmeid kordi kõrgem KY3F10 nanoosakestes võrreldes teistega osakestega, mis muudab nad 

paljulubavateks fluorestsentsmarkeriteks. 
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